Abstract: Commonly proposed concepts, like KBS-3V, for disposal of highly radioactive waste imply construction at medium depth (400-600 m) in granitic rock, which is excellent for constructing a stable repository. VDH (very deep boreholes) represent an alternative concept with the advantage that the rock is much less permeable and that the very salt, heavy groundwater is stagnant. Both require engineered barriers in the form of canisters and waste-embedding clay but for somewhat different purposes. Canisters are the most important waste-isolating barriers for KBS-3V but are less important for VDH. The waste-embedding clay is needed for preserving the KBS-3V canisters by being tight and ductile, but plays a minor role for the VDH. The backfilled deposition tunnels in a KBS-3V repository provide very limited hindrance of radionuclides to move to the biosphere while the clay seals of VDH effectively prevent possibly released radionuclides to reach up to the biosphere. Comparison of the KBS-3V and VDH concepts indicates that the last mentioned one has several advantages but that certain issues remain to be worked on for becoming a number one candidate.
Introduction
Several comprehensive studies like the CROP project [1] have been conducted for assessing the capacity of proposed repository concepts for isolating HLW (highly radioactive waste) from the biosphere. Focus was on crystalline rock that requires more effective engineered barriers than the others because of its higher permeability but provides more stable conditions and is the main candidate for hosting repositories in Sweden, Finland and Canada. URLs (underground laboratories) for testing the performance of rock and EBS (engineered barriers) have shown that the variability of the properties of the rock makes prediction of its role difficult but that the function of EBS is predictable. The URLs represent a large enough variety of conditions for providing credible generic information on repository concepts. The present document summarizes and compares the main functions of the host rock and EBS of repositories for disposal of HLW at medium and large depths.
Commonly proposed depths for locating a repository of one-level type is 400-600 m with access to the repositories through ramps or shafts. As to the host rock the structure is important because it controls the groundwater flow and the impact on the disposal site by earthquakes and tectonic movements. The most important EBS component is the metal canisters containing the waste (spent fuel or vitrified, processed waste), and the "buffer" clay surrounding them for minimizing groundwater flow in their vicinity and for providing ductile embedment (Fig. 1) . The waste generates a heat pulse that lasts for several hundred years and can strongly affect the function of the barriers and the groundwater flow, as well as the stress conditions in the rock, and thereby its physical stability.
VDH (deep hole concepts) imply waste placement in the lower part of 3-5 km deep holes and effective sealing of the upper part (Fig. 2) [2] [3] [4] [5] . Several holes will be bored from a shallow chamber so that the distance between the waste-bearing parts is sufficiently large to avoid interference and superposition of temperature fields, and sufficiently small to create a common space for rational boring. A recent version, discussed in this paper, has a constant diameter of 0.8 m. Stability of the holes requires that they are mud-filled and provided with casings over the whole borehole length except where concrete seals are constructed.
Host rock

Structure
For technical/scientific purposes and for predicting the thermal, mechanical and hydraulic performances of the host rock in bulk one needs to use definitions of discontinuity elements with typical properties respecting the hydraulic function and rheological performance. Major, water-bearing structural elements, represented by dominant fracture zones termed 1st and 2nd order discontinuities [6, 7] , should not intersect waste-containing parts of a repository and are hence of primary importance in the site-selection process (Fig. 3 ). They can be identified by examination of cores from deep, vertical and graded boreholes and by in-situ logging using geophysical methods. Finer ones are 3rd order discontinuities, i.e., minor fracture zones, and those of 4th order being discrete, persistent fractures, determine the performance of the rock where waste containers are placed. They remain unidentified until construction work has started. Even finer discontinuities, i.e., those of 6th and 7th orders, belong to the rock matrix and represent its content of pores and fine fissures. 3 Simplified model of a repository site derived from core mapping and geophysical measurements, light green area is the ground surface and blue plates 2nd order discontinuities, red plates are of 3rd order black panels are HLW deposition tunnels [7] . Fig. 4 shows a structural model derived on the basis of core mapping and geophysical investigations including in-situ hydraulic measurements. The discontinuities represent fracture zones of 2nd order forming distorted and curved, more or less orthogonal patterns. Fig. 5 illustrates the pattern of actually identified 4th order fractures at 360 m depth in another area, showing similar winding nature of discontinuities also on this smaller scale. The orientation of the major principal plane follows approximately the orientation of one of the major sets, the highest horizontal pressure ranging between 20 MPa and 28 MPa.
The Waste-Isolating Role of the Host Rock
Major Criteria
Safe disposal of HLW requires that there is nearly no dissemination of possibly released radionuclides in at least 100,000 years as stipulated by Swedish authorities and those of several other countries. While the function and role of engineered barriers, primarily the waste canisters and their clay embedment, are well defined and predictable, the properties and function of rock hosting repositories at a few hundred meter depth vary so much that its role as barrier is being questioned. In recent time, it has been degraded to be a "mechanical protection of the chemical apparatus" [5] . The major reason for this is the difficulty in working out reliable models of its hydraulic performance, especially in a long-term perspective, because of the very limited information on the structure, which is a consequence of the winding and unknown interconnectivity and persistence of both low-and high-order discontinuities. A second reason is that the predicted degree of utilization, expressed as the number of acceptable positions of HLW containers per unit length of a KBS-3 deposition tunnel or per meter length of the deployment segments of VDHs, depends on the initially unknown frequency of intersected 2nd and 3rd order discontinuities and of the stability of the rock around the deposition holes.
The role of the host rock is fundamentally different for the two concepts KBS-3V, taken as a representative of medium-deep repositories and VDH. For KBS-3V, it is to provide mechanical protection of the waste while for VDH, it is to prevent groundwater at the waste level to move up to shallow, permeable rock. This is fulfilled by the high salt content that makes possibly contaminated groundwater stay at depth.
Utilization (1) KBS-3V
For a KBS-3V repository, the possibility to locate deposition holes, which are 1.95 m in diameter and about 8 deep, can not be predicted until rock excavation has reached the planned repository level and the position and orientation of transport and deposition tunnels have been decided [1] . After constructing these tunnels, which will provide rich information on the rock structure and probably cause changes of the plans, slim pilot holes will be drilled in different directions for general exploration and in the direction of tunnel positions proposed on the basis of gained information on structural features. A few holes with 3-400 m length drilled within the 20 m 2 section of forthcoming tunnels will reveal the presence and orientation of 3rd order zones and give a first indication of whether the plan is worth pursuing. A large number of deposition hole positions must be investigated for making sure that none of them will be intersected by other than 4th and higher order discontinuities before the entire repository design can be decided. Preparative work comprises boring of pilot holes for determining the uniaxial compressive strength and the shear strength of intersected fractures of 4th order type for predicting the degree of mechanical stability of the rock. The site investigation and design work will take at least a decade for a repository with 6,000-7,000 canisters but will ultimately provide plans of the type shown in generalized form in Fig. 6 . They indicate the degree of utilization, which is commonly 50%-60%, representing the percentage of useful hole positions. Full-face boring of deposition holes will be made by using TBM-type technique;
(2) VDH For a VDH repository, the basis of evaluation of the degree of utilization for waste placement is much simpler since it is confined to identifying 2nd and 3rd order discontinuities that will intersect the deep holes. This only requires a prospective investigation by slim core drilling, rock characterization and hydraulic and strength testing for deciding how frequently stabilization and placement of waste canisters shall be made. Subsequent to this, detailed design and boring of a full-size VDH can start. The matter of where excavated rock shall be transported and stored is an important environmental issue for mined KBS-3V repositories but is of no concern for VDH.
An example of what the conditions are with respect to the degree of utilization in a 1,000 m deep hole at the HLW disposal site proposed by the Swedish Fuel and Waste Handling Co (SKB) is illustrated in Table 1 . The example indicates that the parts that can be used for waste placement represent about 50%. There are, however, strong indications that the spacing of water-bearing fracture-rich zones is larger at depth as indicated by the Gravberg-1 boring in crystalline rock [4] , which showed extensive fracturing down to 1,200 m depth but only 2 m to 20 m fracture zones with a spacing of at least 200 m deeper down. This would imply a percentage of 90% or more. A cautious estimate would be 75%.
Constructability and Short Term Performance
A major criterion for accepting and realization of a HLW repository is that it is constructable. This has been demonstrated by the URLs representing medium-deep disposal according to KBS-3V like concepts but not yet for VDH. For the rock, it must be shown that the strength is sufficient for preventing initiation of practically important fracturing and fall of rock fragments from the borehole walls.
KBS-3V
For the KBS-3V deposition holes with 6 m spacing, 1.95 m diameter and 8 m depth in a repository at 400-500 m depth in rock with the typical horizontal rock stresses 20 MPa and 40 MPa and vertical stress 10 MPa, the theoretical maximum hoop (tangential) stress is about 120 MPa assuming the least critical orientation of the tunnel [10] .
Using the unconfined compressive strength, which is commonly 150-350 MPa for granitic rock, as practical parameter for assessing hole positions, application of statistical methods can be made for finding the degree of utilization. For this purpose, one needs to apply a lower value of the compressive strength since initiation of macroscopic failure in fact takes place at about 50% of the conventionally determined strength value [11] . Adopting this principle it has been found that a few percent of the positions have to be abandoned in the site selection process as exemplified by the ongoing construction of SKB's HLW repository at Forsmark in Sweden. The Major 2nd order fracture zone (DZ3) Unsuitable winding of fractures, fracture zones and major horizontal stress, means that a certain fraction of the deposition tunnels will be less favorably oriented in the stress field and, that some additional positions have to be abandoned. The majority of the planned holes would still be acceptable taking also the risk of activation and propagation of natural, partly hidden discontinuities of 5th and 6th order discontinuities into consideration [7] . However, the situation will be totally different when the heat pulse emerges from the radioactive decay. The hoop stress will then rise and spalling occur in most of the deposition holes, causing a very substantial increase in vertical hydraulic conductivity along them [10] . Rock fall into an empty KBS-3V hole in the canister-placement phase can be very problematic since a wedge of any size coming off from the rock wall can hinder further deposition or upward pulling of the canister (Fig. 7) .
VDH (Very Deep Boreholes)
For VDH, the matter of stability is different because of the higher stresses. Using data bases and generalized relationships between depth and stress states [6] the maximum and minimum horizontal stresses can be estimated at 56 MPa and 39 MPa at 2 km depth, but higher pressures have been recorded at this depthas in the 6 km deep German KTB hole [12] . Here, the horizontal stresses were found to be 70 MPa and 30 MPa at 2 km depth, and 120 MPa and 70 MPa at 4 km depth. High pressures have also been reported from measurements at 3 km depth in crystalline rock as in the Nojima fault in Japan where the horizontal stresses were 88 MPa and 64 MPa, respectively [13] . Assuming, for a forthcoming VDH in Sweden, the same stresses as in the German KTB hole, the hoop stress around a bored hole would be up to 100 MPa at 2 km depth and 190 MPa at 4 km depth. No correction for the impact of winding stress directions would be necessary below 2 km since the variation in orientation of principal stresses is reported to vary only within 10 o [14] . As for the KBS-3V, the thermal stresses will add to the static pressure in the deployment part of a VDH but to a lesser extent because of the much smaller temperature rise. At 4 km depth, the ambient temperature is expected to be about 64 o C [4] and for two possible canister configurations, one with 4 BWR spent fuel elements and one with 2 BWR and 1 PWR, the net temperature will be 90 o C at 2 km depth and 150 o C at 4 km depth assuming common data of the heat generation and thermal properties of the EBS and the rock [3, 4] .
Waste Placeability
The installation of clay blocks according to the KBS-3V implies individual placement to give a straight column of annual blocks in which a canister is inserted remotely by robot technique (Fig. 8) . The procedure causes a risk for getting the canisters stuck at lowering them into the tight space, the tolerance is only 10 mm.
For VDH the placeability is determined by the straightness of the holes. If the waste packages are too long they can become stuck in curved boreholes [8] . For a borehole diameter of 800 mm and an inner diameter of the rock-supporting casing of 750 mm, super containers with 700 mm outer diameter and 25 m length can be moved down in the clay mud without significant difficulties. Fig. 9 illustrates the variation in curvature of slim boreholes, which is believed to be valid also for a full-size VDH using a slim hole for guidance. 
Engineered Barriers
Types and Roles
Multi-barrier concepts like KBS-3V and VDH rely on the rock as natural barrier and on man-made barriers: canisters with HLW and clay surrounding them, and clay and concrete for sealing shafts and holes that lead from the ground surface to the waste. The temperature, to which the barriers will be exposed, can be up to 100 o C for KBS-3V and 150 o C for VDH, and change their waste-isolating capacity. This requires assessment of their role in the respective repository environment.
Canisters
For the KBS-3V and VDH concepts metal waste canisters serve as primary engineered barriers. The presently favored KBS-3V canister consists of cast iron with 12 BWR elements of spent fuel, lined with 50 mm copper, and the latest VDH canister type, favored by the present authors, is of the same type but with only 4 BWRs. The outer diameter of the KBS-3V canister is 1,050 mm and the height 4,850 mm, its weight being 24,500 kg. The VDH canister, fitted in perforated super containers, is proposed to have 500 mm diameter and 4,850 mm height, weighing about 6,000 kg. It can be made of an alloy "Navy Bronze", consisting of more than 90% copper and about 10% nickel for fulfilling the criterion of mechanical strength and chemical compatibility [6] . The rock-stabilizing casing in VDH should be made of the same material 1 . A small fraction of the canisters will have defects from start and leak, which contaminates the surrounding clay and the surrounding rock with radionuclides. Depending on the degree of ductility of the clay, thermally or seismically generated 1 The use of titanium for canisters, super containers and casings is presently being investigated. displacements in the rock will be transferred to the canisters that may ultimately fail [7] . Water will migrate into the canisters and make the iron core corrode and produce highly pressurized hydrogen gas that penetrates the surrounding clay channel wise and migrate further along the rock contact or within the rock. The canisters in a KBS-3V repository will be exposed to tension caused by upward expansion of the buffer clay [7] . This movement can be very significant depending on the compressibility of the overlying tunnel backfill and can cause critical stresses and breakage at the junction of copper liner and lid. VDH canisters of SKB type will be under high isostatic pressure but there will be no tension.
Clay
Clay serves as a very effective sealing component in both concepts by retarding groundwater flow around and along the canisters and by providing a homogeneous ductile embedment of the canisters [1] . It must be tighter than the surrounding rock and stay ductile during the entire operational time, which is 2 (1) where, X is the interlamellar absorbed cation (Na) for Na montmorillonite. According to the model, the rate of the reaction can be expressed as:
where, A is coefficient, E a is activation energy for the conversion of montmorillonite to illite (S/I), R is universal gas constant, T is absolute temperature, K + is potassium concentration in the pore water, and S is specific surface area for reaction. Applying this model to the two concepts the following chemical evolution of the clay is foreseen:
(1) KBS-3V
Silica will be released and transported from the hottest to the coldest part of the clay buffer [6] .
Assuming a linear temperature drop with time to 25 o C after 10,000 years, silicification and illite formation would be initiated after 500 years, the first mentioned within about 0.1 m from the rock, and the latter occurring in the hotter part (60-100 o C). Since the pore water will be saturated with silica in the hot period it will be precipitated also in the most heated part when it cools. Thee hydrothermal reaction products silica and illite will cause cementation and significant reduction in expandability of the buffer [8] ;
(2) VDH The mineralogical stability of the VDH clay components in the upper part is similar to that of the KBS-3V buffer, while the mineral content of the mud and clay in the deployment part will be transformed and serve differently with time. The high temperature-100 o C to 150 o C-is believed to give essentially the same effects but the rates of creation of illite and stiffening will be much higher than for KBS-3V and the colder part of VDH. Thus, raising the temperature from 100 o C to 150 o C speeds up the rate of illitization by about 100 times, assuming the activation energy to be 27 kcal/mole and taking all other factors to be the same. This significant loss of effective sealing will take place in about 100 years but the practical importance is small since the tightness of the converted clay is still considerable. Thus, for pure illite with a density of 1,600 kg/m 3 the hydraulic conductivity is lower than E-8 m/s [21, 22] and a hundred times lower than this for the density 1,900 kg/m 3 . Total conversion to non-expandable illite in a dominant part of the dense clay in the supercontainers would in fact take 100,000 years because the controlling mechanism is diffusive transport of potassium from the surrounding rock [7] . Exposure of water saturated montmorillonite-rich clay to strong gamma radiation and 90-135 o C temperature has no degrading impact according to French investigations but speeds up the release of Fe from metal iron like iron or steel canisters [15] .
Concrete
Concrete will not be used in a KBS-3V repository. In a VDH concrete seals will be constructed where it intersects major discontinuities like fracture zones of 2nd and 3rd orders [8] . The main criteria for the concrete seals in VDH are: (1) sufficient fluidity forcasting; (2) sufficient bearing capacity for carrying the overlying super containers; (3) lower hydraulic conductivity than of the fracture zone to be sealed; (4) insignificant chemical impact on contacting clay seals. They are fulfilled by using talc-based concrete with a density of about 2,000 kg/m 3 and a low content of very fine-grained low-pH cement (< 8 weight percent of the solids) [23] .
Comparison of SKB-3V and VDH Functions
Rock Stability
The essential difference between the two concepts is that the stability of the deep vertical VDH with 800 mm diameter becomes acceptable by using a dense deployment mud, serving also as drilling mud, while that of KBS-3 holes is insufficient after placement of the canisters and can not be improved by technical means. The impact on the maximum radial stress by the mud is demonstrated by inserting the depth-dependent mud pressure in the classical Kirsch equations [6] , leading to the expression in Eq. (3) for the hoop stress:
where, H and h are the major and minor horizontal stresses, is the angle between the considered plane and the plane in which the major horizontal stress is located, is the density of the mud, g is the coefficient of gravity and z is the depth.
For the same rock properties as those assumed for KBS-3V and taking the uniaxial compressive strength according to SKB, i.e., 150-350 MPa, the rock in the deepest part of the deployment zone will be stable by using mud is present. As discussed earlier here, one can assume the same rock stresses as in the German KTB case, implying the hoop stress around a bored hole to be up to 100 MPa at 2 km depth and 190 MPa at 4 km depth. With only water in the hole, the hoop stress would be 208 MPa at the bottom of the 4 km deep holes but with mud weighing 1,600 kg/m 3 the hoop stress would be reduced to 168 MPa and to 85 MPa at 2 km depth. One hence finds that boring of a 4 km deep VDH using even very dilute clay mud would be possible without risk of spalling and fall of rock wedges. For the proposed denser, mud stability is definitely provided but a supporting casing indicated in Fig. 10 is recommended for extra support. The heat production of the HLW in a KBS-3V repository extending over of a square kilometre and located at 450 m depth has been found to give an accumulated maximum rise of the ground surface of a couple of decimetres after 1,600 years [24] and significant shearing of discontinuities of 2nd and 3rd orders. This can affect the hydraulic performance of the repository rock and make predictions thereof very uncertain. For a VDH repository, such impact is negligible since the heat sources, i.e., the waste in the deployment parts of a group of VDH holes at the respective site, will be at least 200 m apart.
A possible impact of high deviatoric stresses is propagation of subhorizontal natural weaknesses of 2nd or 3rd orders crossing a KBS-3V repository (Fig. 12) . It can be triggered by a thermally raised pore pressure in the deposition tunnels causing reduction of the effective vertical rock stress by which further slip is facilitated leading to simultaneous shearing of many canister deposition holes.
Physical Evolution of EBS Clays
In contrast to KBS-3V all parts of a VDH the clay blocks are quickly water saturated under the prevailing high water pressure. The ultimate density of the clay blocks in both types will be 1,900 to 2,000 kg/m 3 , which gives the clay a hydraulic conductivity of no more than E-11 m/s at saturation with Ca-dominated water, and a swelling pressure of at least 1 MPa [6] . Over the larger part of the length of the super containers containing HLW canisters the density of the mud will remain unchanged at 1,600 kg/m 3 (dry density 950 kg/m 3 ) but the physical properties will change, implying an increase in hydraulic conductivity and a drop in swelling pressure [15] . They will be affected by the salt concentration in the groundwater and exchange of the initially sorbed sodium ions by copper ions and Ca, being the dominant cation in the strongly brackish KBS-3V Fig. 12 Large horizontal break formed by propagation of an embryonic weakness extending from a natural major discontinuity of 2nd or 3rd order (A) [7] .
Propagation of break Deposition tunnels or drifts
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Large horizontal break emanating from major natural discontinuity A A groundwater and in the very salt groundwater (> 10 g/L) in the deeper parts of a VDH [6] . They will control the micro-structural constitution and thereby the physical properties. The VDH concept discussed here implies that the boring mud is the same as the deployment mud. For serving in the boring phase, it must have the required ability to support the hole being bored and to bring up the debris from the boring head. The super containers with waste canisters and dense blocks of expansive clay shall sink down or be pushed through the mud to the predetermined levels, which requires that its shear resistance is sufficiently low. After placement the mud will be consolidated by the expanding dense blocks in the super containers, intermittently sealing off the holes in the deployment zone, and completely tightening the holes in the upper, sealed part. For the deployment part, where the role of the heavy salt water is most important for preventing possibly released radionuclides to move above it, the only criterion is that the consolidated mud should stay homogeneous and in tight contact with the rock and canisters for minimizing convective water flow.
For allowing a set of super containers weighing about 20,000 kilograms to sink or be pressed down in the mud its shear resistance must be sufficiently low. The resistance to movement is caused by the "point resistance" and the friction at the slip along the super container. The theoretical point-bearing capacity of clay is 5-10 times the shear strength 2 [25] . The shear strength required for carrying a 20,000 kg set of super containers exerting a downward pressure on the mud of about 0.5 MPa is hence on the order of 50 kPa to 100 kPa. It can be estimated from the swelling pressure and the angle of internal friction, which can be taken as 15 o , giving the approximate relationship between the density and shear strength in Table 2 . It shows that the highest acceptable mud density for making the super container sets sink without adding loads is about 1,600 2 The short period of time of installation means that the undrained shear strength is the relevant measure of strength. kg/m 3 . Once failure has been initiated and the super container has started slipping down, the wall friction along its outer surface is mobilized and provides additional resistance. It is the product of the sheared surface area and the residual shear strength, which, for smectite clay, can be a fraction of the shear strength at rest. Depending on the length of the containers they will slip down without additional force or require pushing. As for pile driving in such soils a vibrator with variable frequency may have to be used if the super container sets do not sink. The downward movement is associated with upward flow of remoulded mud along them.
Possible Improvement of the Concepts
General
Both concepts have weaknesses or uncertain functions and current research and development aims at elimination of the question marks. The authors will consider some recently proposed improvements that are aimed at giving them higher credibility and larger applicability for no extra cost.
KBS-3V
The major problem with this concept is the overstressing caused at the boring of a certain number of deposition holes and of all the holes when the thermal pulse is generated. A recently proposed version (KBS-3i) that minimizes this problem has deposition holes with every second directed 45 o off the verticalto one side, and the others to the opposite as shown by Fig. 13 [7] . This reduces the hoop stress by about 20% as illustrated by Fig. 14 , which also shows a way of of failed deposition holes when heat is generated.
VDH (Very Deep Boreholes)
Preparation and Stabilization
One of the necessary steps in preparing the deep boreholes for waste placement and sealing is to rinse and clean all parts of the holes and to stabilize the parts where the holes intersect fracture zones. Where rock fragments have come off from them the walls are irregular and the diameter varying, which requires reaming and casting of concrete followed by re-boring as indicated in Fig. 15 .
Ways of Retarding Expansion of the Clay Blocks in Super Containers
The very dense clay blocks kept in the containers when they are moved down in the mud starts expanding out through the perforation immediately after bringing the containers into the mud, which begins to consolidate and ultimately becomes very dense. The rate of expansion depends on the perforation geometry and the density of the mud into which the containers are brought down. The very strong hydrophilic nature of dense smectite clay blocks make them suck water from the mud and move out from the containers, which become surrounded by a successively widening annulus of dense mud that increases the penetration resistance at the placement. For minimizing this effect, the uptake of water from the mud by the dense clay blocks in the super containers needs to be retarded, which can be made by coating them with a mixture of montmorillonite clay and talc (1/3 clay and 2/3 talc). The dense clay in them firstly sucks water from the thin coating, which dries and forms thin solid clay plugs in the perforation holes [26] . When the containers are moved down in the mud-filled hole, water sucked by the dense clay has to pass through the plugs, which delays hydration and expansion of it. After several hours, the continued expansion of the dense clay causes disintegration of the plugs and process of water transport through the thickening mud continues at a successively slower rate. The properties of the finally matured clay occupying the space between the borehole walls and the containers is not affected by the talc additive because the coating material only makes up an insignificant part of it.
Another method is to saturate the dense clay blocks with water before installing them in the super containers since this reduces the suction potential of the blocks and strongly retards their expansion and migration through the perforation [27] . The ultimate density and properties of the finally matured clay between the rock walls and the containers will be the same as when talc-based coatings are used.
Prolonging the Operational Lifetime of Buffer Clay
While montmorillonite-rich buffer clay appears to have a long operational lifetime under KBS-3V like conditions the higher VDH temperatures have led to questioning of its longevity for serving in the deployment zones. The experience is that montmorillonite-rich clay saturated with 10% and 20% NaCl solutions and then isothermally heated at 110 o C under chemically closed conditions for 30 days, retains its montmorillonite content and physical properties [28] . However, hydrothermal treatment of such clayunder open conditions, as in a real VDH, with exposed to high thermal gradients and a maximum temperature of 95 o C gave a reduction of the swelling pressure by more than 50% and a tenfold increase of the hydraulic conductivity [29] . The changes were explained by coagulation of the clay gels and cementation by silicious precipitates. Saponite and mixed layer S/I minerals were much less affected by such hydrothermal treatment making them possible clay candidate for the manufacturing of dense blocks in VDH. 
Waste Containers
The presently proposed Swedish canister concept for use in a HLW-repository of KBS-3V type appears in Fig. 16 , which also shows an alternative in the form of the "HIPOW" canister that is superior with respect to the mechanical performance and chemical integrity [7] . It would make disposal of HLW absolutely safe but is presently not a primary candidate for cost reasons. The lower construction cost of VDH would allow for developing the HIPOW technique.
For VDH, which has the stagnant deep-water as major waste isolation component, simpler and cheaper canisters and super containers can be considered. Thus, iron or steel may be acceptable and would also make it possible to use these metals for preparing the casing. The oxygen-free water in the deployment zone would make the corrosion of such canisters very slow and the larger volume of the corrosion products, mainly hydroxides, than of the installed canisters and containers would densify the mud and make it less permeable. Cementation would, however, make it less ductile.
Conclusions
The KBS-3V and the VDH concepts both require three well operating barriers for isolating the biosphere from radionuclides, i.e., suitable host rock, tight canisters and waste-embedding clay, partly for different purposes. For the first mentioned concept the mechanical and hydraulic performances of the rock are most important while for the latter the rock constitution and groundwater flow in the upper 2 km are not essential. The canisters are the most important waste-isolating barrier for KBS-3V but of less importance for VDH because of the role of the salt water to retain possibly released radionuclide at depth. The waste-embedding clay, finally, is strongly needed for preserving the KBS-3V canisters by being tight and ductile, while it plays a minor role for the VDH except in the upper 2 km. The backfilled deposition tunnels in a KBS-3V repository provide very limited hindrance of radionuclides to move to the biosphere while the very long, dense clay columns in the sealed parts of VDH effectively prevent Radionuclides to reach up to the biosphere.
Comparison of the major functions of KBS-3V and VDH shows that the latter concept has a number of advantages but that certain issues still remain to be worked on for accepting it as number one candidate. The major positive and negative properties are listed in Table 3 .
One concludes from the comparison of the concepts that KBS-3V, representing various versions of repositories located at medium depth and VDH, representing HLW placement at very large depths, that both are feasible but that VDH has the potential of being a primary repository concept for crystalline rock.
